As a fundamental study on the droplet-interaction effect in the fuel-spray ignition, spontaneous ignition of an n-decane droplet pair in hot air was experimentally studied. Two droplets initially at room temperature were brought into a hot furnace at atmospheric pressure. Droplet diameter was 1 mm. Three hot junctions of K-type thermocouples with a diameter of 25 m were located near the droplet pair, and the cool-flame appearance was detected. The experiments were performed in microgravity in order to get rid of the effects of natural convection.
Introduction
Spontaneous ignition of a fuel droplet in hot air has been an important research theme as the fundamental study of fuel-spray ignition, which is utilized in many practical combustion devices like diesel engines and gas turbine engines. Large droplets (typically about 1 mm in diameter) are studied in most experimental researches [1] [2] [3] [4] [5] [6] [7] [8] to ensure high spatial and temporal resolutions in observation. Such large droplets are strongly affected by natural convection, while fine droplets (typically several-decade m in diameter) are little affected. In order to compensate this difference, experiments with large droplets are required to be performed in microgravity. It is well known that the low-temperature oxidation reactions, which induce cool flame, are the dominant reactions for spontaneous ignition of most hydrocarbon fuels. 9) Tanabe et al. 1) revealed the role of cool flame in the two-stage ignition process (cool-and hot-flame appearances) of n-alkane droplets experimentally through interferometry.
Moriue et al. 7) measured gas-phase temperature near an igniting n-decane droplet at atmospheric pressure and revealed the dependence of cool-flame temperature on ambient temperature. However, the previous studies treated an isolated fuel droplet. Since there exists interaction between droplets in a fuel spray, the interaction effect should be studied also in fuel-droplet researches.
In the present study, spontaneous ignition of a fuel-droplet pair in hot air was experimentally studied at atmospheric pressure. Fuel was n-decane, and droplet diameter was 1 mm. From the previous studies on an isolated droplet, 6) it is known that there is no ambient temperature range where two-stage ignition occurs at atmospheric pressure, and that only cool flame appears at relatively low ambient temperatures. In the present study, the ambient temperature was set to be in this range so that the study could have emphasis on cool-flame behaviors. Gas-phase temperature near the droplets was measured by thermocouples, and cool-flame ignition delay and cool-flame temperature were evaluated.
Droplet diameter was also obtained. The experiments were performed in microgravity. Inter-droplet distance was varied, and its effect on cool-flame ignition delay, cool-flame temperature and vaporization rate were examined.
Experimental Apparatus and Procedure
A schematic of the experimental apparatus is shown in Fig.  1 . The apparatus is composed of an electric furnace, a droplet-pair suspender, a suspender driving device, a fuel supplying device, optical recording system, thermocouple measurement system and controller.
A droplet-pair suspender and the locations of hot junctions of thermocouples are shown in Fig. 2 . Two fuel droplets with a diameter of 1 0.05 mm were generated on the intersections of SiC fibers whose diameters were 14 m, at room temperature. Fuel was n-decane, and its normal boiling point is 447 K. Four SiC fibers were fixed on two fiber holders, which were stainless steel pipe with a diameter of 1 mm. Inter-droplet distance, which was defined as the distance between the two droplet centers, was varied between 2 mm and 8 mm by changing the locations of SiC fibers on the fiber holders. Experiments with an isolated droplet were also performed for the comparison in the present study. In this case, only two SiC fibers were utilized. The temperature near each droplet was measured by three K-type thermocouples with a diameter of 25 m. One hot junction was located 2 mm under the center of one droplet. Other two hot junctions were located 2 and 4 mm over the center of another droplet. The locations of the hot junctions were adjusted by using insulation pipes made of ceramics with a diameter of 1 mm. When an isolated droplet was used, the hot junctions were located 2, 4 and 6 mm over the droplet center. The fiber holders and the insulation pipes were supported on a base plate. Over the droplet pair was placed an electric furnace, whose inside temperature was automatically controlled to be a desired value. Ambient temperature (hot-air temperature) was fixed at either 600 K or 720 K. The droplet pair was inserted into the furnace through a slit and thus exposed from room temperature to high temperature rapidly. The thermocouples traveled together with the droplet pair into the furnace. Their outputs were recorded with a frequency of 500 Hz. The backlit droplet images were recorded on a digital video recorder with a frame rate of 30 Hz through a CCD camera with a resolution of 640 480 pixels. Droplet diameter was evaluated from the video. The microgravity experiments were performed at Micro-Gravity Laboratory of Japan (MGLAB). The droplet pair was generated while the drop capsule was hanging. After the capsule release, it was brought into the furnace.
Results

Phenomenon and definition
A typical example of the thermocouple outputs is shown in Fig. 3 . Ambient temperature was 600 K, and inter-droplet distance was 8 mm. The legends denote the locations of the thermocouples. The origin of the time is the moment when the droplet pair finished its travel into the furnace. After the droplet-pair insertion, temperature distribution around the droplet is recognized. All three temperatures were lower than the ambient temperature 600 K. This is because of the cooling effect of the droplets. There was a difference between "2 mm over" and "2 mm under" even though the distances from the droplet center were equal. This is supposed to be because the droplets had cooled down their own trace during their travel. The temperature at "4 mm over" was lower than that at "2 mm over". This is reasonable considering the cooling effect of the droplets. Around 1.6 s, temperature rise caused by cool-flame appearance was detected by all three thermocouples.
This cool-flame appearance cannot be detected by direct observation since cool flame emits little visible light. After cool-flame appearance, temperatures at "2 mm over" and "2 mm under" were almost equal, which implies that fuel vapor layer around each droplet developed almost reflection-symmetrically even though the temperature field around each droplet was not reflection-symmetric because of their insertion process. The temperature at "4 mm over" was lower, which must be because of the lower fuel concentration there.
From such outputs, cool-flame ignition delay and cool-flame temperature were evaluated. Cool-flame ignition delay was defined as the time between the moment when the droplet pair finished its travel and the moment when any of three thermocouples detected a relevant temperature rise. Cool-flame temperature was defined as the highest temperature measured among all thermocouples during the measurement. In all experiments, cool-flame temperature was obtained at either "2 mm over" or "2 mm under" location, i.e., the closest location to the droplet. Figure 4 shows the relation between cool-flame temperature and inter-droplet distance for ambient temperature of 600 K. Inter-droplet distance of infinity denotes an isolated droplet. Though inter-droplet distance of zero cannot be treated actually, it was represented by an isolated droplet of double the volume, namely, an isolated droplet with a diameter of about 1.26 mm.
Temperature and ignition delay of cool flame
General tendency is that smaller inter-droplet distance led to higher cool-flame temperature. Droplet interaction is supposed to have two counteracting effects. One is mutual cooling effect between droplets through duplicated heat sinks, and is supposed to be negative for ignition. The other is enhanced fuel supply through duplicated fuel sources and is supposed to be positive for ignition. The former effect is expected to mainly affect cool-flame ignition delay, since cool-flame ignition delay includes the duration for the cold droplets to be heated up as well as the duration for the vaporized fuel to be mixed with the oxidizer and for the low-temperature oxidation reactions to be activated. Besides, from the numerical simulations on premixed gas ignition using detailed chemical reaction kinetics, it is known that higher fuel concentration generally leads to higher cool-flame temprature 1) . It seems that more enhanced fuel supply with smaller inter-droplet distance raised cool-flame temperature. Figure 5 shows the relation between cool-flame temperature and inter-droplet distance for ambient temperature of 720 K. The same tendency was obtained as that at 600 K. Figure 6 shows the relation between cool-flame ignition delay and inter-droplet distance for ambient temperature of 600 K. Ignition delays at 720 K are not shown because they were not long enough compared with the droplet-pair insertion time. General tendency is that smaller inter-droplet distance led to longer cool-flame ignition delay, while cool-flame ignition delay took a minimal value at inter-droplet distance of 2 mm. The reason for the general tendency is supposed to be that the mutual cooling effect prevailed over the enhanced fuel supply. Detailed chemical kinetics shows that temperature is generally more dominant for spontaneous ignition than fuel Relation between cool-flame ignition delay and inter-droplet distance (ambient temperature: 600 K). concentration. Considering this, the result is reasonable. However, a minimal value of cool-flame ignition delay shows that the droplet interaction may not monotonically depend on inter-droplet distance.
Vaporization rate
From the backlit droplet images recorded on a digital video recorder, droplet diameter was obtained. Here, the camera was focused on one of two droplets. Figure 7 shows the history of square of droplet diameter normalized by an initial droplet diameter together with the thermocouple outputs. Ambient temperature was 600 K, and inter-droplet distance was 2 mm. Vaporization rate of the droplet increased stepwise at the moment of cool-flame appearance as already observed in the previous study on isolated droplets. 7) Vaporization rates before and after cool-flame appearance were evaluated for several inter-droplet distances at 600 K and shown in Table 1 . Here, "ig." denotes cool-flame appearance. It is obvious that shorter inter-droplet distance led to smaller vaporization rate of each droplet before cool-flame appearance. Vaporization of each droplet was suppressed by the mutual cooling effect. After cool-flame appearance, the tendency is different. This is because the vaporization rate after cool-flame appearance was controlled by cool-flame temperature. Discussion on cool-flame ignition delay in the previous section is closely related to the developments of fuel concentration field and temperature field surrounding the droplet pair. The vaporization rate is one of the indexes of the former. However, the developments of two fields are complex because the spherical symmetry does not hold unlike around an isolated droplet. Further information will be helpful for the clarification of the mechanism such as temperature-distribution measurement between the droplets or the aid of the numerical method. Interaction of Stefan flow around each droplet might also be required to be considered. 
Conclusions
Cool-flame appearance around an n-decane droplet pair rapidly brought into hot air was experimentally studied. Droplet diameter was 1 mm, and ambient temperature was 600 K or 720 K. The experiments were performed in microgravity. Ignition delays and temperatures of cool flame were evaluated from the thermocouple measurements located close to each droplet. Generally both cool-flame ignition delay and cool-flame temperature increased with decreasing inter-droplet distance.
From the results, cool-flame temperature of spray is expected to be higher than that of an isolated droplet. For ambient temperature of 600 K, cool-flame ignition delay took a minimal value at inter-droplet distance of 2 mm. The reason for this was not clarified within the present study. However, this is supposed to be due to complex temperature and fuel concentration fields depending on inter-droplet distance.
The present study focused on cool-flame behavior, and the experiments were performed at atmospheric pressure, where no two-stage ignition (cool-flame appearance and subsequent hot-flame appearance) occurs. At elevated pressure like in practical combustion devices, cool flame activates the high-temperature oxidation reactions to cause hot flame. At such state, droplet-interaction mechanism is expected to be more complicated. Further experimental examination at elevated pressure is required.
